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ABSTRACT

We report the first direct three-dimensional observations of the buried interface between nanotubes and metal contacts and show that nanotubes
can be deformed by the contacts, especially when the metals island rather than wet to nanotubes. Because deforming a nanotube can alter
its electronic properties, the islanding metal contacts can introduce additional resistance terms beyond the already present Schottky barrier.
The popular contact metal, palladium, lies on the margin between wetting and islanding, suggesting a strategy to improve the contact resistance
by alloying.

Challenging the widespread application of carbon nanotubes1

in electronic devices2,3 is the high-contact resistance between
the nanotubes and metal leads. It varies very widely,
increasing exponentially as the nanotube shrinks in diam-
eter.4,5 Although the physics of the metal-nanotube contact
has been investigated theoretically,6-9 experimental studies
on the microscopic contact geometry and its influence on
the electrical resistance are lacking. Here, we report on the
first direct study of the contact geometry between metals
and nanotubes, using annular dark-field (ADF) electron
tomography10 with a scanning transmission electron micro-
scope (STEM) at nanometer resolution.

A good electrical contact between a metal and a nanotube
is ensured by minimizing the Schottky barrier at the metal-
nanotube contact6,8,9 and by ensuring that the atoms of the
metal and the nanotube are brought into close registration.
Given the incommensurate interface between graphite and
most metal planes, this is a challenging problem even with
flat graphene sheets, but accommodating an interface with
the curvature and chirality of a nanotube will add a new
degree of complexity. What would be the equilibrium shape
of a nanotube in contact with a metal? A number of possible
contact geometries can be expected. The metal may wet to
the nanotube, resulting in a good physical contact. Or the
metal may facet, either leaving voids along the contact
surface or deforming the nanotube to accommodate these

facets. The resulting geometric distortions in the latter case
will have consequences for the electronic structure of
nanotube devices.

Depending on the metal, both wetting and nonwetting
(islanding) contacts to nanotubes can occur,11 which results
in different equilibrium shapes of the nanotubes. In the
wetting case, we find that the metal conforms to the
nanotube, and the original shape of the tube is preserved. In
the islanding case, the nanotube can be significantly de-
formed at as well as surrounding the regions in contact with
the metal. An elastic theory is used to analytically model
the deformation of the nanotubes in the islanding case and
identify key terms in the energy balance between wetting
and deformation. Furthermore, density functional theory
(DFT) calculations are carried out to find that a fully relaxed
single-walled nanotube on a flat metal plate is deformed in
agreement with our experimental observations and the
analytic theory. In formulating a simple scaling argument,
we find that the binding energy of the metal to the nanotube
is a useful predictor in determining whether the metal will
wet or island. Thus, we conducted a systematic study of how
the contact geometry varies with the propensity to wet by
reconstructing nanotubes of various sizes in contact with
different metals at nanometer resolution. We find that as we
go from poorly wetting gold (Au), to Au-palladium (Au-
Pd) alloy, Pd, and finally strongly wetting titanium (Ti)
contacts, a decreasing tendency for nanotubes to deform is
observed.

The specimens were prepared by electron-beam evaporat-
ing metals onto commercially purchased nanotubes that were
dispersed on a holey carbon support film. The geometry of
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the high-surface energy Au contacts was examined first.
Figure 1a shows at atomic resolution that Au forms strongly
faceted islands on nanotubes. Yet, from such two-dimen-
sional (2D) images it is unclear how this faceting is
accommodated at the curved surface of the nanotube. The
results of the 3D tomographic study (see Supporting Infor-
mation for more details) of the buried Au-nanotube interface
of a separate tube, Figure 1b,c, reveal what is apparently a
flat contact surface. This implies that the nanotube has
undergone significant radial deformation to accommodate
the faceting of the Au contact. The faceting of the Au clusters
and the resultant flat contact surfaces are observed universally
in all reconstructed nanotubes in contact with Au, although
single-walled nanotubes tend to deform more than multi-
walled nanotubes. In addition, a kink along the nanotube,
Figure 1d, is sometimes observed at the contact region, which
is similar to nanotube deformation induced by atomic force
microscopy (AFM) tips.12,13

The faceting observed in Figure 1c is not atomically sharp
because the resolution of the tomographic reconstruction
degrades to roughly a nanometer10 even though the focused
probe in STEM is approximately 0.2 nm in diameter.
However, because the observed clusters are generally larger
than a couple of nanometers, a nanometer resolution is
sufficient to observe faceting. Detailed descriptions of the
tomography technique, reconstruction method, and the limit-
ing factors on the final resolution are provided in the
Supporting Information available online.

As a material commonly used as a conductive-coating
layer in scanning electron microscopy, an alloy of 70% Au
and 30% Pd should offer improved wetting. Despite this,
the tomographic reconstruction shown in Figure 2a shows
that the Au-Pd alloy also forms islands on nanotubes. But
unlike the Au, no strong faceting is observed in the Au-Pd
islands, whose surface looks rounded in Figure 2a. Neverthe-
less, a cross-section through the reconstruction, Figure 2b,
reveals a relatively flat contact surface and resultant nanotube
deformation. This finding is confirmed by DFT calculations
of the equilibrium nanotube shape for a (20,0) carbon
nanotube in contact with three atomic layers of Pd. Pd was
used instead of the Au-Pd alloy to simplify the calculation,
and we will shortly compare the calculation to Pd experi-
mental data. The equilibrium shape was reached by fully
relaxing the nanotube and the first two Pd layers while the
last Pd layer was fixed to be planar to replicate the flat
contact surface (see Supporting Information for more details).
The cross-section view from the DFT calculation is shown
in Figure 2c, and despite the difference in the size of the
nanotubes the overall shape of the relaxed nanotube agrees
well with the experimental result, Figure 2b, confirming the
prediction that nanotubes can deform on a flat surface.14

We note that the nanotube in Figure 2b is a multiwalled
nanotube while the DFT calculations use a single-walled
nanotube. Despite the difference in the number of walls, the
essential underlying physics is the same in both the experi-
ments and the DFT calculations, namely achieving balance
between the energy needed to deform the circular cross-
section of the tube and the amount of energy gained by
increasing the contact area. As a result, we expect to see
geometrically similar cross-sectional shapes in both cases.
However, because a multiwalled nanotube would have a
larger bending rigidity in proportion to its number of walls
than a single-walled nanotube, the length scales associated
with the experimental results are expected to be larger than
those of the DFT calculations. In fact, the square-root of the
ratio of the bending rigidity to the surface energy of the

Figure 1. Carbon nanotubes with Au islands. (a) Phase contrast
TEM image of a Au island on a triple-walled nanotube. The side
walls of the nanotube are indicated with black arrows. The atom
registry of the Au island is aligned along the axial direction of the
nanotube. (b,c) Views from a tomographically reconstructed nano-
tube (different from the one shown in (a)) using ADF-STEM
images. Yellow, iso-intensity surface, and black, volume render,
in (b) denote the Au and the nanotube respectively. (d) This shows
a nanotube is kinked at the contact region with a Au island. The
red dotted line shows how much the nanotube deviates from a
straight line. A contamination layer is also observed around the
Au island. Scale bars) 5 nm in (a); 20 nm in (b); 10 nm in (c);
and 10 nm in (d).

Figure 2. Carbon nanotubes with Au-Pd islands. White and black
in (a), iso-intensity surface and volume render, denote the Au-Pd
islands and the nanotube, respectively. (b) A cross-section view of
the orange slice in (a). From (b), the radial deformation of the
nanotube is evident. (c) The DFT calculation of a fully relaxed
(20,0) carbon nanotube (blue) on three layers of Pd atoms (pink).
Scale bars) 10 nm in (a); 4 nm in (b); 1 nm in (c).
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contact sets the only length scale in the problem, other than
the initial radius of the tube. An analytical expression, which
balances the deformation energy of the nanotube with the
contact energy and the surface energy of the metal, is
discussed later (more details can be found in the Supporting
Information).

Both Au and the Au-Pd alloy form flat contact surfaces;
however, pure Pd has a greater tendency to wet. The
tomographic reconstruction shown in Figure 3a reveals that
Pd also forms islands on nanotubes. That the Pd islands are
rounded with no apparent faceting suggests that the Pd may
be polycrystalline and the islands may have formed by
several smaller islands coalescing together. Interestingly, the
cross-sections through the reconstruction, Figure 3b-d, show
a slightly curved contact surface. On average, this results in
less deformation of nanotubes compared to the Au and Au-
Pd cases. However, we find that the degree of nanotube
deformation varies widely, due to the widely varying shapes
of Pd islands and their coalescence. This implies that pure
Pd is still some way from perfectly wetting the nanotube.

The wide range in the degree of nanotube deformation
under the Pd islands indicates that the nanotube deformation
may be related more to the formation of islands (and their
coalescence) than to faceting. Hence, if the metal wets the
nanotube continuously the deformation might not occur. The
competition between the metal islanding and nanotube
deformation can be estimated by balancing the anisotropic
free-surface energy of the metal and the contact-surface
energy at the interface against the deformation energy of the
nanotube. By summing the energy terms, the total energy
of the two extremes, a completely wetting system or an
islanding system, is obtained. Although approximate, this
calculation helps to identify a general wetting trend for
different metals on nanotubes.

The assumed geometries for the ideal wetting and islanding
systems are shown in Figure 4a, where the cross-sectional
area of the metal is the same for both systems. We calculate
the total energy (Etot) of the systems as a function of the

contact and remaining surface area,Sc andSs, respectively,
as

whereD is the effective bending stiffness of the nanotube,
L is the length of the deformed region of the nanotube,R is
the radius of the nanotube,σ is the number density of the
metal per unit area,ufc is the free-surface energy of the
contact surface per atom,ufs is the free-surface energy of
the remaining surface per atom, andubc is the binding energy
of the metal to the nanotube per atom. The energy unit for
Etot is eV. Note that as the cross-sectional area is conserved,
the volume energy of the metal is identical for both systems
per given metal and thus cancels out. The first term in eq 1
is the deformation energy of the nanotube based on an elastic
theory.15-17 A more detailed calculation of eq 1 is provided
in Supporting Information available online.

We used eq 1 to calculateEtot for the two ideal systems
for each metal contact and obtained the energy difference
per atom,∆E ) (Etot(wet) - Etot(island))/Ntot whereNtot is
the total number of surface atoms for a given metal contact.
If ∆E is negative, then the metal would wet nanotubes rather
than form islands. Shown in Figure 4b are plots of∆E with
increasing thicknesses of deposited Au, Pd, and Ti for a
single-walled nanotube with radius of 1 nm. From Figure
4b, Au would always island while Ti would wet. Palladium
lies between the two systems. Its∆E crosses zero and

Figure 3. Carbon nanotubes with Pd islands. (a) Volume render
of the tomographically reconstructed nanotube (black) with iso-
intensity surface of Pd islands (white). (b-d) Cross-section views
of the orange slices in (a). Scale bars) 10 nm in (a); 4 nm in
(b-d). We note that the diameter (∼5 nm) and the wall thickness
(∼1.4 nm) of the nanotube measured from the reconstruction agree
very well with those measured from the ADF-STEM images (not
shown in the figure) once the lower resolution of tomographic
method is taken into account.

Figure 4. Energy-balance calculation and carbon nanotubes with
Ti contacts. (a) A schematic diagram of a wetting and islanding
metal (yellow) on a nanotube (black). (b) Energy difference of the
two systems per atom, (Etot(wet) - Etot(island))/Ntot, for Au, Pd,
and Ti with a nanotube of radius 1 nm. The inset shows only the
Pd case. (c) Volume render of a carbon nanotube (black) with iso-
intensity surface of Ti wetting layer (white). A little intensity of
black exists outside of the Ti-wetting layer, which indicates a thin
contamination layer. (d) Cross-section view of the orange slice in
(c). Scale bars) 10 nm in (c); 4 nm in (d).

Etot ) 2π2DL
πR - a

+ (ufc - ubc)σSc + ufsσSs (1)
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remains close to zero for a wide range of nanotube diameters,
which indicates partial wetting. Experimentally, the curved
contact surface, as shown in Figure 3d, might suggest that
Pd partially wets nanotubes. From the inset in Figure 4b,
which shows∆E for Pd, the predicted thickness of the
wetting layer for Pd is about a monolayer. At atomic scale,
the simple energy-balance argument using bulk properties
cannot accurately model the system; hence ab initio calcula-
tions are required to accurately predict the thickness of the
wetting layer for Pd.

It is worth noting that estimates of the nanotube deforma-
tion energy16 and DFT calculations8 suggest that the energy
cost of nanotube deformation is negligible14 until the radius
of curvature falls below a few angstroms. For all but the
smallest nanotubes (which will not deform), eq 1 suggests
that it is largely the binding energy of the metal to the
nanotube (with respect to the free-surface energy of the
metal) that governs the wettability of the metal to the
nanotube. According to DFT calculations within the general-
ized gradient approximation,18 of the three metals under
study, Ti has the highest binding energy to the nanotube,
2.9 eV/atom, while Au has the lowest, 0.6 eV/atom. Hence,
creating a large contact surface by wetting lowers the total
energy of the system significantly for Ti but not appreciably
for Au. The binding energy of Pd is 1.7 eV/atom,18 which is
fairly high. But the free-surface energy of Pd, which the same
type of calculation gives to be approximately 1.0 eV/atom,19

prevents Pd from making a large free surface. Therefore,
complete wetting does not occur for Pd even though the
binding energy is high.

Because eq 1 predicts wetting for Ti contacts, Ti is studied
here as an example of a material with good wetting
characteristics despite the high Schottky barrier between Ti
and a nanotube, which leads to a bad electrical contact. The
tomographic reconstruction, Figure 4c, shows that Ti covers
the nanotube uniformly, strongly indicating complete wetting.
A cross-section view, Figure 4d, reveals that Ti wraps around
the nanotube and preserves its round shape. The wetting by
Ti is observed universally regardless of the nanotube size.

As both theoretical calculations and experimental observa-
tions show band gap changes due to mechanical nanotube
deformation by AFM tips,12,13,20-22 the observed deformations
by the poorly wetting contacts imply that the electronic
structure of the nanotube may change significantly upon
putting an electrical contact to it. Therefore, in addition to a
Schottky barrier at the contact, a geometrically induced
scattering term can also be expected. Hence, promising
contact metals for nanotube devices must have good wetta-
bility to nanotubes as well as a small Schottky barrier. The
popular contact metal, Pd, comes close to satisfying this
condition and we anticipate that alloys of Pd, which possess

a lower free-surface energy than pure Pd, may provide
improved contacts both physically and electrically.
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